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(57) ABSTRACT 

The methods of the present invention alloW for the mea 
surement of ribonucleotide reductase (RR) activity, an 
important enZyme in the de novo DNA synthesis pathway. 
Ribonucleotide reductase converts all four ribonucleotides 
to their deoXy form and is a rate-controlling step in this 
pathWay. 

Biosynthetic pathWays of deoxyribonucleotides (dN) have 
received considerable attention in the context of anti-prolif 
erative chemotherapy. Inhibitors of various steps in dN 
biosynthesis, including inhibitors of RR are among the most 
useful chemotherapeutic agents in cancer, viral infections, 
and other therapeutic uses. 

DNA synthesis from the dN salvage pathWay is also an 
important component to DNA replication. The relative con 
tributions from RR vs. salvage pathWays are critical to the 
actions and effectiveness of chemotherapeutic agents that act 
on nucleoside metabolic pathWays. Until noW, hoWever, it 
has not been possible to study these metabolic processes in 
vivo. Disclosed Within are methods of measuring RR activ 
ity in vivo and in vitro Which ?nd use, among other things, 
in drug discovery, development, and approval. 
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IN VIVO MEASUREMENT OF THE RELATIVE 
FLUXES THROUGH RIBONUCLEOTIDE 

REDUCTASE VS. DEOXYRIBONUCLEOSIDE 
PATHWAYS USING ISOTOPES 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims priority to US. provisional 
application No. 60/558,215 ?led on Mar. 30, 2004, Which is 
herein incorporated by reference in its entirety. 

FIELD OF THE INVENTION 

[0002] The present invention relates to methods for mea 
suring cell proliferation and changes in cell proliferation. 
More speci?cally, the methods alloW assessment of ribo 
nucleotide reductase activity by comparing the incorpora 
tion of labeled purine deoXynucleosides such as deoXyad 
enosine With labeled pyrimidine deoXynucleosides such as 
deoXythymidine into nucleic acids, particularly DNA. 

BACKGROUND OF THE INVENTION 

[0003] Nucleoside metabolism is central to a number of 
aspects of cellular function, including ribonucleic acid 
(RNA) synthesis, deoXyribonucleic acid (DNA) replication, 
and metabolism of high-energy phosphates such as adenos 
ine triphosphate (ATP). Biosynthetic pathWays of deoXyri 
bonucleotides (dN), in particular, have received consider 
able attention in the conteXt of anti-proliferative 
chemotherapy. Inhibitors of various steps in dN biosynthe 
sis, including inhibitors of ribonucleotide reductase (RR) 
and dN salvage (e.g., thymidine kinase, deoXycytidine 
kinase) are among the most useful chemotherapeutic agents 
in cancer, viral infections, and other therapeutic uses. 

[0004] Ribonucleotide reductase is a rate-controlling step 
in the de novo nucleotide synthesis pathWay (DNNSP, FIG. 
1A) and eXhibits several very interesting regulatory features. 
A single RR enZyme catalyZes the conversion of all four 
ribonucleotide diphosphates (NDPs, FIG. 1A) to 
dN-diphosphates (dNDPs). This shared control is remark 
able, hoWever, in that RR demonstrates different feed-back 
regulation for purine as compared to pyrimidine NDPs. 
Increased concentration of pyrimidine dNTPs, (dCTP or 
dTTP) allosterically inhibits RR activity for the substrate 
pyrimidine NDPs (CDP, UDP) but stimulates RR activity for 
purine NDPs (ADP, GDP) (FIG. 1B). The apparent logic of 
this regulatory netWork may be to ensure matching avail 
ability of all four dNTPs (since all are necessary for DNA 
replication) When pyrimidine dNTP concentrations change. 

[0005] A metabolic consequence of this regulatory archi 
tecture is that the DNNSP contribution to pyrimidine dNTPs 
is variable and dependent upon extracellular availability of 
pyrimidine nucleosides, Whereas the DNNSP contribution to 
purine dNTPs is alWays dominant and essentially constant. 
Put differently, the DNNSP input into pyrimidine dNTPs is 
suppressible and inducible, While the DNNSP contribution 
to purine dNTPs is constitutive. 

[0006] The greater capacity to take up eXogenous pyrimi 
dine than purine nucleosides is the technical reason Why 
classic eXogenous DNA labeling techniques, such as 3H-dT 
or BrdU, have utiliZed labeled pyrimidine nucleosides, not 
purines. 
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[0007] The relative contributions from RR vs. salvage 
pathWays are therefore critical to the actions and effective 
ness of chemotherapeutic agents that act on nucleoside 
metabolic pathWays. Until noW, hoWever, it has not been 
possible to study these metabolic processes in vivo. Esti 
mates of RR or dN-salvage activity have largely been based 
on eX vivo studies of enZyme content or activity. This gap in 
methodology represents an important limitation for evalu 
ating the mechanism of action or ef?cacy of agents such as 
RR inhibitors (e.g., hydroXyurea, gemcitabine, teZacitabine) 
or dN kinase inhibitors, of particular concern is to distin 
guish in vivo actions for agents With more than putative 
activity, such as gemcitabine, Which is reported to have both 
RR inhibitory and DNA chain-terminating activities. Dis 
tinguishing betWeen these actions in vivo in a tumor can be 
critical for evaluating drug resistance of cancers, predicting 
clinical response, devising combined therapeutic regimens, 
etc. 

[0008] Establishing the rate-controlling role of RR or dN 
kinases in S-phase DNA synthesis (i.e., cell division) Would 
also be very useful for drug development and evaluation. An 
inhibitor of RR might be active but not impair DNA syn 
thesis if, for example, dN salvage could compensate in a 
particular cell type. At present, there is no means of iden 
tifying this scenario as opposed to simple failure of the RR 
inhibitor to inhibit ?uX through RR. 

[0009] The availability of a screening tool for identifying 
or con?rming agents With activity on RR or dN salvage 
pathWays Would also be of potential utility for drug discov 
ery and development. 

[0010] Disclosed herein are methods that alloW for the 
contribution to DNA replication from RR (through DNNSP, 
FIG. 1) relative to that from dN salvage (FIG. 1) to be 
determined in vivo. The rate of DNA replication (i.e., cell 
division) can be measured concurrently. 

SUMMARY OF THE INVENTION 

[0011] Accordingly, in one aspect, the present invention 
provides methods for measuring ribonucleotide reductase 
activity in a living system. The methods comprise admin 
istering an isotope-labeled substrate to the living system for 
a period of time sufficient for the substrate to be incorporated 
into at least one type of purine deoXynucleotide and at least 
one type of pyrimidine deoXynucleotides, to form labeled 
purine and pyrimidine deoXynucleotides, respectively, 
Within a DNA molecule in the living system. Optionally, 
several administrations for different time periods can also be 
done. A ?rst sample is obtained from the living system; 
again, optionally multiple samples can be obtained. The 
amount of labeled purine deoXynucleotides and labeled 
pyrimidine deoXynucleotides derived from said DNA 
derived from said sample is then quanti?ed. Then the 
amount of labeled purine and pyrimidine deoXynucleotides 
is compared to the amount of labeled purine and pyrimidine 
deoXynucleotides observed in a control living system to 
determine a difference in ribonucleotide reductase activity in 
the living system as compared to a control living system. In 
some aspects, the pyrimidine deoXynucleotide is deoXythy 
midine and the purine deoXynucleotide is deoXyadenosine. 

[0012] In another aspect, the invention provides methods 
as outlined above Where the molecular ?uX rates of the 
labeled purine and pyrimidine deoXynucleotides are calcu 
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lated. The ratio of ?uX rates is then calculated and compared 
to the molecular ?uX rate ratio of a control living system. 

[0013] In a further aspect, the invention provides methods 
that optionally further comprise administering a candidate 
agent to the living system, either before, during or after the 
administration of the isotope-labeled substrate. Optional 
embodiments utiliZe a ?rst determination of RR activity in 
the absence of the candidate agent in a subject and a second 
determination after the administration of the candidate 
agent. Optional further embodiments utiliZe the administra 
tion of different concentrations of candidate agents. 

[0014] In an additional aspect, the invention optionally 
provides more than one administration of isotope-labeled 
substrate, e.g. multiple discontinuous administrations. The 
determination of molecular ?uX rates, ratios and/or RR 
activity can be done for each administration. 

[0015] In a further aspect, the present invention alloWs for 
the measurement of ribonucleotide reductase (RR) activity. 
Ribonucleotide reductase activity is measured by comparing 
isotopically-labeled deoXyadenosine With isotopically-la 
beled deoXythymidine in DNA molecules isolated from cells 
and tissues of subjects given isotopically-labeled substrates 
for deoXynucleotides. 

[0016] Compounds or conditions that inhibit RR activity 
Will be detected by changes in ratios of dA/dT in subjects to 
that of ratios of dA/dT in control subjects. This is so because 
When RR is inhibited, the activity of thymidine kinase (tk) 
is increased. This results in increased salvage of thymidine 
and reduced relative contribution from de novo thymidine 
synthesis into DNA. Traditionally, this effect is assayed in 
vitro by measuring the increase in the concentration of the 
free (thymidine triphosphate pool relative to other 
deoXynucleotides. In contrast to tk, basal deoXyadenosine 
kinase activity is loW and is not up-regulated in 
response to RR inhibition. The salvage of deoXyadenosine 
(dA) is very loW in normal cells alloWing for the measure 
ment of DNA synthesis from the incorporation of de novo 
deoXyadenosine; furthermore, since dAk activity is not 
affected by RR inhibition it can be used as the denominator 
for calculating fractional de novo thymidine synthesis. The 
relative inhibition of RR can then be inferred from the 
reduction in de novo thymidine incorporation relative to dA 
incorporation into DNA. 

[0017] The isotopic label may be stable or radioactive. 

[0018] The methods of the present invention ?nd use in all 
stages of the drug discovery, development, and approval 
process, as Well as in diagnosis of conditions associated With 
alterations in RR activity 

[0019] Alternatively, the methods of the present invention 
?nd use in detecting injuries due to eXposure to toXic 
environmental chemicals such as industrial and occupational 
chemicals, environmental pollutants, pesticides, food addi 
tives, cosmetics, and the like. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0020] FIG. 1 is a depiction of the de novo synthesis 
pathWay of DNA. FIG. 1A shoWs the pathWay as it occurs 
under normal conditions. FIG. 1B is a schematic of nucleo 
side ?uxes in response to RR inhibition. Aunique feature of 
RR is the response of nucleoside metabolism to its inhibi 
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tion. When RR is inhibited, the activity of thymidine kinase 
is increased. This results in increased salvage of thymidine 
and reduced relative contribution from de novo thymidine 
synthesis into DNA (see teXt for further details). 

[0021] FIG. 2 depicts the deoXyribose (dR) moiety of 
dNTPs in replicating DNA labeled endogenously, through 
the de novo nucleotide synthesis pathWay, using stable 
isotope-labeled glucose or deuterated Water (2 H20). 

[0022] FIG. 3 is a comparison of cell proliferation mea 
sured by the methods of the present invention With a 
standard cell counting technique in hydroXyurea-treated 
MCF7 cells. The graph depicts a strong correlation betWeen 
the tWo methods. 

[0023] FIG. 4 shoWs RR activity measured by 2H2O in 
hydroXyurea-treated MCF7 cells. RR activity is dramatically 
inhibited at doses 50 pM HU and above. 

[0024] FIG. 5 shoWs cell proliferation and RR activity 
measured by 2H2O in hydroXyurea-treated SW1573 cells. 
HydroXyurea inhibits RR activity by 80% at the loW dose (6 
pM). 
[0025] FIG. 6 shoWs cell proliferation and RR activity 
measured by 2H2O in gemcitabine-treated SW1573 cells. 
Gemcitabine inhibits RR activity by 70% at 1.6 nM and 
nearly abolishes it at 48 nM. 

[0026] FIG. 7 depicts a simultaneous determination of RR 
inhibition in response to chemotherapy in bone marroW and 
tumor. 

[0027] FIG. 8 shoWs in vivo tumor cell proliferation over 
5 days of chemotherapy treatment (gemcitabine and hydrox 
yurea). 
[0028] FIG. 9 depicts tumor volume over 5 days of 
chemotherapy treatment (gemZar and hydroXyurea). Signi? 
cantly, no change in tumor volume Was observed Whereas 
changes in cell proliferation and RR activity (i.e., RR 
inhibition) Were observed by the methods of the present 
invention over the same time course. 

[0029] FIG. 10 is a schematic diagram shoWing the drug 
discovery, development, and approval (DDDA) process 
using effects on RR (i.e., data collected by the methods of 
the present invention) as a means for deciding to continue or 
cease efforts. 

[0030] FIG. 11 illustrates use of the inventions herein in 
a drug discovery process. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0031] I. Introduction 

[0032] Ribonucleotide reductase (RR) catalyZes the con 
version of ribonucleotides to deoXyribonucleotides (FIG. 1). 
A unique feature of RR is the response of nucleoside 
metabolism to its inhibition. When RR is inhibited, the 
activity of thymidine kinase (tk) is increased. This results in 
increased salvage of thymidine and reduced relative contri 
bution from de novo thymidine synthesis into DNA. Tradi 
tionally, this effect is assayed in vitro by measuring the 
increase in the concentration of the free (thymidine triph 
osphate (TTP) pool relative to other deoXynucleotides. In 
contrast to tk, basal deoXyadenosine kinase (dAk) activity is 
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loW (Krygier V., J Biol Chem. 246:2752-2757 (1971), 
hereby incorporated by reference in its entirety, and in 
particular for the assay of dAk activity) and is not up 
regulated in response to RR inhibition. The salvage of 
deoXyadenosine is very loW in normal cells alloWing 
for the measurement of DNA synthesis from the incorpora 
tion of de novo deoXyadenosine; furthermore, since dAk 
activity is not affected by RR inhibition it can be used as the 
denominator for calculating fractional de novo thymidine 
synthesis (see, infra). The relative inhibition of RR can be 
inferred from the reduction in de novo thymidine incorpo 
ration relative to dA incorporation into DNA. 

[0033] RR is the target of several commonly used chemo 
therapies, including gemcitabine (Gem) and hydroXyurea 
(HU). In spite of its prominent role in DNA synthesis and as 
a chemotherapy target, there are no simple, quantitative in 
vivo assays to measure RR activity. The present invention 
utiliZes previous methods measuring DNA synthesis as an 
indicator of cell proliferation, in vivo, using 2H2O (US. Pat. 
No. 5,910,403, herein incorporated by reference). This 
methodology is based on the constitutive and predominant 
contribution from de novo synthesiZed dA to neW DNA 
synthesis. Unlike thymidine and deoXycytosine (dC), Which 
are actively salvaged and incorporated into DNA, the sal 
vage of dA is small. The in vivo salvage of thymidine has 
long been exploited for determining cell proliferation (e.g., 
Brdu and 3H-thymidine incorporation). Because of the vari 
able salvage of thymidine, these latter methods are of limited 
value for quantitative measurements. 

[0034] In the present invention, the 2H2O labeling tech 
nique for measurement of DNA synthesis (US. Pat. No. 
5,910,403, supra) is adapted to include the measurement of 
RR modulation (particularly inhibition) and thymidine sal 
vage. This is achieved by comparing the differential incor 
poration of a label into pyrimidines (e.g. dA) versus purines 
(e.g. T); for example, one embodiment of the invention 
utiliZes a comparison of the 2H incorporation in dA to the 2H 
incorporation into T in DNA. Previous studies have dem 
onstrated (Takahashi et al. Cancer Chemother. Pharmacol. 
41: 268-274) that inhibition of RR results in up regulation of 
the salvage of pyrimidine nucleosides (e.g., dC kinase and T 
kinase) but not dA. Accordingly, the present invention 
capitaliZes on the fact that the dilution of T relative to dA 
re?ects inhibition of RR, although as outlined beloW, the 
invention alloWs the determination of modulation of RR 
activity, including both increases (agonism) as Well as 
decreases (antagonism) 

[0035] The basic principles underlying the present inven 
tion are shoWn in FIG. 1. The methods of the present 
invention make use of the intrinsic regulatory architecture of 
nucleoside metabolic pathWays (FIG. 1) to determine modu 
lation (including inhibition or activation) of RR activityIn 
corporation of an endogenous label for dR, such as 2H2O or 
2H-glucose (FIG. 1) Will be in?uenced by several factors: 

[0036] a) Dilution of administered label in the tissue 
precursor pool, e. g., by unlabeled tissue Water or free 
glucose; 

[0037] b) Dilution of label in dR of PRPP (FIG. 1) by 
unlabeled metabolic precursors of dR, e. g., glyco 
genolysis, gluconeogenesis, pentose-phosphate path 
Way; 

Nov. 17, 2005 

[0038] c) Dilution of label in dNTPs by input of 
unlabeled dNTPs through dN salvage pathWays, e. g., 
thymidine kinase, dC kinase; 

[0039] d) Dilution of label in DNA by unlabeled 
DNA in the population of cells, e.g, pre-eXisting cells 
that did not divide during the period of label admin 
istration. 

[0040] The invention is based on the fact that inhibition of 
RR activity results in differential dilution of pyrimidine vs. 
purine dNTPs isolated from DNA due to differences at 
dilution step c, supra. 

[0041] The difference betWeen pyrimidine and purine 
label enrichment is based on differential regulation of pyri 
midines and purines after the RR step: namely, upregulation 
of pyrimidine dN salvage but little or no input from purine 
dN salvage. Because all of the other potential dilution steps 
(a, b, and d, supra) are shared for purine and pyrimidine dNs 
isolated from DNA (FIG. 1), any differences at step c are 
apparent. The other steps cancel out because dilution in 
tissue, dilution of PRPP, and dilution by pre-eXisting cells 
Will be identical for pyrimidine and purine dNs in DNA 
(FIG. 1). Speci?cally, the labeling ratio of dT/dA (or dT/dG, 
or dC/dA, or dC/dG) during administration of 2H20 or 
2H-glucose Will re?ect changes in RR activity relative to dN 
salvage. 

[0042] In general, the invention can be practiced in a 
variety of different Ways. In one embodiment, as is more 
fully outlined beloW, the administration of an isotope-la 
beled substrate into a living system (for eXample an indi 
vidual With a disease, an individual that has been eXposed to 
a drug, a cell line of interest, etc.) results in the incorporation 
of the label into purine and pyrimidine deoXynucleosides, 
resulting in the eventual conversion of this pool of labeled 
deoXynucleosides into DNA containing labeled deoXynucle 
otides. The ratio of labeled purinezpyrimidine (or vice versa) 
is a ratio that can be compared to other living systems, eg 
control living systems Without the disease or drug. Differ 
ential incorporation (and thus different ratios) are an indi 
cation of the modulation of the RR activity. This can be done 
as a sampling of the system at a single time point after 
administration of the isotope-labeled substrate (either as a 
continuous or discontinuous administration), or With mul 
tiple sampling at a plurality (e.g. tWo or more) time points. 
In addition, a single sampling can be done after a single 
administration, or single sampling can be done after admin 
istration for different times. For eXample, administration of 
a short bolus of label, folloWed by incubation and a sampling 
at time X can be done; the system is then alloWed to clear, 
and a second administration of a longer bolus can be done, 
folloWed again by incubation and sampling. Alternatively, 
multiple samplings and multiple administrations can be 
done. 

[0043] Alternatively, the amount of label incorporation 
can be used to calculate the molecular ?uX rate for the 
increase of the labeled dNs into DNA. This can also be done 
as outlined above using single sampling at a single time 
point (and calculating the rate based on the Zero time point) 
or With multiple sampling, multiple time points or both. 
Ratios of molecular ?uX rates are then compared to elucidate 
alterations in RR activity. 
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[0044] 
[0045] The practice of the present invention Will employ, 
unless otherwise indicated, conventional techniques of 
molecular biology (including recombinant techniques), 
microbiology, cell biology, biochemistry and immunology, 
Which are Within the skill of the art. Such techniques are 
explained fully in the literature, such as, Molecular Cloning: 
A Laboratory Manual, second edition (Sambrook et al., 
1989) Cold Spring Harbor Press; Oligonucleotide Synthesis 
(M. J. Gait, ed., 1984); Methods in Molecular Biology, 
Humana Press; Cell Biology: A Laboratory Notebook (J. E. 
Cellis, ed., 1998) Academic Press; Animal Cell Culture (R. 
I. Freshney, ed., 1987); Introduction to Cell and Tissue 
Culture (J. P. Mather and P. E. Roberts, 1998) Plenum Press; 
Cell and Tissue Culture: Laboratory Procedures (A. Doyle, 
J. B. Grif?ths, and D. G. NeWell, eds., 1993-8) J. Wiley and 
Sons; Methods in EnZymology (Academic Press, Inc.); 
Handbook of Experimental Immunology (D. M. Weir and C. 
C. BlackWell, eds.); Gene Transfer Vectors for Mammalian 
Cells (J. M. Miller and M. P. Calos, eds., 1987); Current 
Protocols in Molecular Biology M. Ausubel et al., eds., 
1987); PCR: The Polymerase Chain Reaction, (Mullis et al., 
eds., 1994); Current Protocols in Immunology (J. E. Coligan 
et al., eds., 1991); Short Protocols in Molecular Biology 
(Wiley and Sons, 1999); and Mass isotopomer distribution 
analysis at eight years: theoretical, analytic and experimen 
tal considerations by Hellerstein and Neese (Am J Physiol 
276 (Endocrinol Metab. 39) E1146-E1162, 1999), all of 
Which are incorporated by reference for the needed tech 
niques. Furthermore, procedures employing commercially 
available assay kits and reagents Will typically be used 
according to manufacturer-de?ned protocols unless other 
Wise noted. 

[0046] III. De?nitions 
[0047] Unless otherWise de?ned, all terms of art, notations 
and other scienti?c terminology used herein are intended to 
have the meanings commonly understood by those of skill in 
the art to Which this invention pertains. In some cases, terms 
With commonly understood meanings are de?ned herein for 
clarity and/or for ready reference, and the inclusion of such 
de?nitions herein should not necessarily be construed to 
represent a substantial difference over What is generally 
understood in the art. The techniques and procedures 
described or referenced herein are generally Well understood 
and commonly employed using conventional methodology 
by those skilled in the art, such as, for example, Mass 
isotopomer distribution analysis at eight years: theoretical, 
analytic and experimental considerations by Hellerstein and 
Neese (Am J Physiol 276 (Endocrinol Metab. 39) E1146 
E1162, 1999, hereby incorporated by reference in its 
entirety, and in particular for the techniques outlined 
therein). As appropriate, procedures involving the use of 
commercially available kits and reagents are generally car 
ried out in accordance With manufacturer de?ned protocols 
and/or parameters unless otherWise noted. 

[0048] “Molecular ?ux rates” refers to the rate of synthesis 
and/or breakdoWn of molecules Within a cell, tissue, or 
organism. “Molecular ?ux rates” also refers to a molecule’s 
input into or removal from a pool of molecules, and is 
therefore synonymous With the How into and out of said pool 
of molecules. 

[0049] “Metabolic pathWay” refers to any linked series of 
tWo or more biochemical steps in a living system (i.e., a 

II. General Techniques 
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biochemical process), the net result of Which is a chemical, 
spatial or physical transformation of a molecule or mol 
ecules. Metabolic pathWays are de?ned by the direction and 
How of molecules through the biochemical steps that com 
prise the pathWay. Molecules Within metabolic pathWays can 
be of any biochemical class, e.g., including but not limited 
to lipids, proteins, amino acids, carbohydrates, nucleic acids, 
polynucleotides, porphyrins, glycosaminoglycans, glycolip 
ids, intermediary metabolites, inorganic minerals, ions, etc. 

[0050] “Flux rate through a metabolic pathWay” refers to 
the rate of molecular transformations through a de?ned 
metabolic pathWay. The unit of ?ux rates through pathWays 
is chemical mass per time (e.g., moles per minute, grams per 
hour). Flux rate through a pathWay optimally refers to the 
transformation rate from a clearly de?ned biochemical start 
ing point to a clearly de?ned biochemical end-point, includ 
ing all the stages in betWeen in the de?ned metabolic 
pathWay of interest. 

[0051] “Isotopes” refer to atoms With the same number of 
protons and hence of the same element but With different 
numbers of neutrons (e.g., 1H vs. 2H or D). The term 
“isotope” includes “stable isotopes”, e.g. non-radioactive 
isotopes, as Well as “radioactive isotopes”, eg those that 
decay over time. 

[0052] “Isotopologues” refer to isotopic homologues or 
molecular species that have identical elemental and chemi 
cal compositions but differ in isotopic content (e.g., CH3NH2 
vs. CH3NHD in the example above). Isotopologues are 
de?ned by their isotopic composition, therefore each isoto 
pologue has a unique exact mass but may not have a unique 
structure. An isotopologue is usually comprised of a family 
of isotopic isomers (isotopomers) Which differ by the loca 
tion of the isotopes on the molecule (e.g., CH3NHD and 
CHZDNH2 are the same isotopologue but are different iso 
topomers). 
[0053] “Isotope-labeled Water” includes Water labeled 
With one or more speci?c heavy isotopes of either hydrogen 
or oxygen. Speci?c examples of isotope-labeled Water 
include 2H20, 3H20, and H2180. 
[0054] “Candidate agent” or “candidate drug” as used 
herein describes any molecule, e.g., proteins including bio 
therapeutics including antibodies and enZymes, small 
organic molecules including knoWn drugs and drug candi 
dates, polysaccharides, fatty acids, vaccines, nucleic acids, 
etc. that can be screened for activity as outlined herein. 
Candidate agents are evaluated in the present invention for 
discovering potential therapeutic agents that affect RR activ 
ity and therefore potential disease states, for elucidating 
toxic effects of agents (eg environmental pollutants includ 
ing industrial chemicals, pesticides, herbicides, etc.), drugs 
and drug candidates, food additives, cosmetics, etc., as Well 
as for elucidating neW pathWays associated With agents (eg 
research into the side effects of drugs, etc.). 

[0055] Candidate agents encompass numerous chemical 
classes. In one embodiment, the candidate agent is an 
organic molecule, preferably small organic compounds hav 
ing a molecular Weight of more than 100 and less than about 
2,500 daltons. Particularly preferred are small organic com 
pounds having a molecular Weight of more than 100 and less 
than about 2,000 daltons, more preferably less than about 
1500 daltons, more preferably less than about 1000 daltons, 
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more preferably less than 500 daltons. Candidate agents 
comprise functional groups necessary for structural interac 
tion With proteins, particularly hydrogen bonding, and typi 
cally include at least one of an amine, carbonyl, hydroxyl or 
carboxyl group, preferably at least tWo of the functional 
chemical groups. The candidate agents often comprise cycli 
cal carbon or heterocyclic structures and/or aromatic or 
polyaromatic structures substituted With one or more of the 

above functional groups. Candidate agents are also found 
among biomolecules including peptides, saccharides, fatty 
acids, steroids, purines, pyrimidines, derivatives, structural 
analogs or combinations thereof. 

[0056] “Known drugs” or “known drug agents” or 
“already-approved drugs” refers to agents (i.e., chemical 
entities or biological factors) that have been approved for 
therapeutic use as drugs in human beings or animals in the 
United States or other jurisdictions. In the context of the 
present invention, the term “already-approved drug” means 
a drug having approval for an indication distinct from an 
indication being tested for by use of the methods disclosed 
herein. Using psoriasis and ?uoxetine as an example, the 
methods of the present invention alloW one to test ?uoxetine, 
a drug approved by the FDA (and other jurisdictions) for the 
treatment of depression, for effects on biomarkers of pso 
riasis (e.g., keratinocyte proliferation or keratin synthesis); 
treating psoriasis With ?uoxetine is an indication not 
approved by FDA or other jurisdictions. In this manner, one 
can ?nd neW uses (in this example, anti-psoriatic effects) for 
an already-approved drug (in this example, ?uoxetine). 

[0057] Candidate agents are obtained from a Wide variety 
of sources including libraries of synthetic or natural com 
pounds. For example, numerous means are available for 
random and directed synthesis of a Wide variety of organic 
compounds and biomolecules, including expression and/or 
synthesis of randomiZed oligonucleotides and peptides. 
Alternatively, libraries of natural compounds in the form of 
bacterial, fungal, plant and animal extracts are available or 
readily produced. Additionally, natural or synthetically pro 
duced libraries and compounds are readily modi?ed through 
conventional chemical, physical and biochemical means. 
KnoWn pharmacological agents may be subjected to directed 
or random chemical modi?cations, such as acylation, alky 
lation, esteri?cation, amidi?cation to produce structural ana 
logs. 

[0058] In a preferred embodiment, the candidate bioactive 
agents are proteins. By “protein” herein is meant at least tWo 
covalently attached amino acids, Which includes proteins, 
polypeptides, oligopeptides and peptides. The protein may 
be made up of naturally occurring amino acids and peptide 
bonds, or synthetic peptidomimetic structures. Thus “amino 
acid”, or “peptide residue”, as used herein means both 
naturally occurring and synthetic amino acids. For example, 
homo-phenylalanine, citrulline and noreleucine are consid 
ered amino acids for the purposes of the invention. “Amino 
acid” also includes imino acid residues such as proline and 
hydroxyproline. The side chains may be in either the (R) or 
the (S) con?guration. In the preferred embodiment, the 
amino acids are in the (S) or L-con?guration. If non 
naturally occurring side chains are used, non-amino acid 
substituents may be used, for example to prevent or retard in 
vivo degradations. Peptide inhibitors of enZymes ?nd par 
ticular use. 
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[0059] In a preferred embodiment, the candidate bioactive 
agents are naturally occuring proteins or fragments of natu 
rally occuring proteins. Thus, for example, cellular extracts 
containing proteins, or random or directed digests of pro 
teinaceous cellular extracts, may be used. In this Way 
libraries of procaryotic and eucaryotic proteins may be made 
for screening in the systems described herein. Particularly 
preferred in this embodiment are libraries of bacterial, 
fungal, viral, and mammalian proteins, With the latter being 
preferred, and human proteins being especially preferred. 
[0060] In a preferred embodiment, the candidate agents 
are antibodies, a class of proteins. The term “antibody” 
includes full-length as Well antibody fragments, as are 
knoWn in the art, including Fab Fab2, single chain antibod 
ies (Fv for example), chimeric antibodies, humaniZed and 
human antibodies, etc., either produced by the modi?cation 
of Whole antibodies or those synthesiZed de novo using 
recombinant DNA technologies, and derivatives thereof. 

[0061] In a preferred embodiment, the candidate bioactive 
agents are nucleic acids. By “nucleic acid” or “oligonucle 
otide” or grammatical equivalents herein means at least tWo 
nucleotides covalently linked together. A nucleic acid of the 
present invention Will generally contain phosphodiester 
bonds, although in some cases, as outlined beloW, nucleic 
acid analogs are included that may have alternate backbones, 
comprising, for example, phosphoramide (Beaucage, et al., 
Tetrahedron, 49(10)11925 (1993) and references therein; 
Letsinger, J. Org. Chem., 3513800 (1970); SprinZl, et al., 
Eur. J. Biochem., 811579 (1977); Letsinger, et al., Nucl. 
Acids Res., 1413487 (1986); SaWai, et al., Chem. Lett., 805 
(1984), Letsinger, et al., J. Am. Chem. Soc., 11014470 
(1988); and PauWels, et al., Chemica Scripta, 261141 
(1986)), phosphorothioate (Mag, et al., Nucleic Acids Res., 
1911437 (1991); and US. Pat. No. 5,644,048), phospho 
rodithioate (Briu, et al., J. Am. Chem. Soc., 11112321 
(1989)), O-methylphophoroamidite linkages (see Eckstein, 
Oligonucleotides and Analogues: A Practical Approach, 
Oxford University Press), and peptide nucleic acid back 
bones and linkages (see Egholm, J. Am. Chem. Soc., 
11411895 (1992); Meier, et al., Chem. Int. Ed. Engl., 
3111008 (1992); Nielsen, Nature, 3651566 (1993); Carlsson, 
et al., Nature, 3801207 (1996), all of Which are incorporated 
by reference)). Other analog nucleic acids include those With 
positive backbones (Denpcy, et al., Proc. Natl. Acad. Sci. 
USA, 9216097 (1995)); non-ionic backbones (US. Pat. Nos. 
5,386,023; 5,637,684; 5,602,240; 5,216,141; and 4,469,863; 
KiedroWshi, et al., AngeW. Chem. Intl. Ed. English, 301423 
(1991); Letsinger, et al., J. Am. Chem. Soc., 11014470 
(1988); Letsinger, et al., Nucleoside & Nucleotide, 1311597 
(1994); Chapters 2 and 3, ASC Symposium Series 580, 
“Carbohydrate Modi?cations in Antisense Research”, Ed. Y. 
S. Sanghui and P. Dan Cook; Mesmaeker, et al., Bioorganic 
& Medicinal Chem. Lett., 41395 (1994); Jeffs, et al., J. 
Biomolecular NMR, 34117 (1994); Tetrahedron Lett., 
371743 (1996)) and non-ribose backbones, including those 
described in US. Pat. Nos. 5,235,033 and 5,034,506, and 
Chapters 6 and 7, ASC Symposium Series 580, “Carbohy 
drate Modi?cations in Antisense Research”, Ed. Y. S. San 
ghui and P. Dan Cook, and peptide nucleic acids. Nucleic 
acids containing one or more carbocyclic sugars are also 
included Within the de?nition of nucleic acids (see Jenkins, 
et al., Chem. Soc. Rev., (1995) pp. 169-176). Several nucleic 
acid analogs are described in RaWls, C & E NeWs, Jun. 2, 
1997, page 35. All of these references are hereby expressly 
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incorporated by reference. These modi?cations of the 
ribose-phosphate backbone may be done to facilitate the 
addition of additional moieties such as labels, or to increase 
the stability and half-life of such molecules in physiological 
environments. In addition, mixtures of naturally occurring 
nucleic acids and analogs can be made. Alternatively, mix 
tures of different nucleic acid analogs, and mixtures of 
naturally occuring nucleic acids and analogs may be made. 
The nucleic acids may be single stranded or double stranded, 
as speci?ed, or contain portions of both double stranded or 
single stranded sequence. The nucleic acid may be DNA, 
both genomic and cDNA, RNA or a hybrid, Where the 
nucleic acid contains any combination of deoxyribo- and 
ribo-nucleotides, and any combination of bases, including 
uracil, adenine, thymine, cytosine, guanine, inosine, xatha 
nine hypoxathanine, isocytosine, isoguanine, 4-acetylcy 
tosine, 8-hydroxy-N6-methyladenosine, aZiridinylcytosine, 
pseudoisocytosine, 5-(carboxyhydroxylmethyl)uracil, 
S-?uorouracil, S-bromouracil, S-carboxymethylaminom 
ethyl-2-thiouracil, 5-carboxymethyl-aminomethyluracil, 
dihydrouracil, inosine, N6-isopentenyladenine, l-methylad 
enine, l-methylpseudouracil, l-methylguanine, l-methyli 
nosine, 2,2-dimethylguanine, 2-methyladenine, 2-meth 
ylguanine, 3-methylcytosine, S-methylcytosine, 
N6-methyladenine, 7-methylguanine, S-methylaminom 
ethyluracil, 5-methoxyaminomethyl-2-thiouracil, beta-D 
mannosylqueosine, 5-methoxycarbonylmethyluracil, 
S-methoxyuracil, 2-methylthio-N6-isopentenyladenine, 
uracil-S-oxyacetic acid methylester, uracil-S-oxyacetic acid, 
oxybutoxosine, pseudouracil, queosine, 2-thiocytosine, 
5-methyl-2-thiouracil, 2-thiouracil, 4-thiouracil, S-methylu 
racil, N-uracil-S-oxyacetic acid methylester, uracil-S-oxy 
acetic acid, pseudouracil, queosine, 2-thiocytosine, and 2,6 
diaminopurine.etc. 
[0062] It should be noted in the context of the invention 
that nucleosides (ribose plus base) and nucleotides (ribose, 
base and at least one phosphate) are used interchangeably 
herein unless otherWise noted. The label is generally incor 
porated into the ribose, although RR catalyZes the conver 
sion of ribonucleotides to deoxyribonucleotides (also 
referred to herein as “deoxynucleosides/tides”). 

[0063] As described above generally for proteins, nucleic 
acid candidate bioactive agents may be naturally occuring 
nucleic acids, random and/or synthetic nucleic acids. For 
example, digests of procaryotic or eucaryotic genomes may 
be used as is outlined above for proteins. In addition, RNAis 
are included herein. 

[0064] “Food additive” includes, but is not limited to, 
organoleptic agents (i.e., those agents conferring ?avor, 
texture, aroma, and color), preservatives such as nitro 
samines, nitrosamides, N-nitroso substances and the like, 
congealants, emulsi?ers, dispersants, fumigants, humec 
tants, oxidiZing and reducing agents, propellants, seques 
trants, solvents, surface-acting agents, surface-?nishing 
agents, synergists, pesticides, chlorinated organic com 
pounds, any chemical ingested by a food animal or taken up 
by a food plant, and any chemical leaching into (or other 
Wise ?nding its Way into) food or drink from packaging 
material. The term is meant to encompass those chemicals 
Which are added into food or drink products at some step in 
the manufacturing and packaging process, or ?nd their Way 
into food by ingestion by food animals or uptake by food 
plants, or through microbial byproducts such as endotoxins 
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and exotoxins (pre-formed toxins such as botulinin toxin or 
a?atoxin), or through the cooking process (such as hetero 
cyclic amines, e.g., 2-amino-3-methyllimidaZo[4,5-f]qui 
nolone), or by leaching or some other process from pack 
aging material during manufacturing, packaging, storage, 
and handling activities. 

[0065] “Industrial chemical” includes, but is not limited 
to, volatile organic compounds, semi-volatile organic com 
pounds, cleaners, solvents, thinners, mixers, metallic com 
pounds, metals, organometals, metalloids, substituted and 
non-substituted aliphatic and acyclic hydrocarbons such as 
hexane, substituted and non-substituted aromatic hydrocar 
bons such as benZene and styrene, halogenated hydrocar 
bons such as vinyl chloride, aminoderivatives and nitro 
derivatives such as nitrobenZene, glycols and derivatives 
such as propylene glycol, ketones such as cyclohexanone, 
aldehydes such as furfural, amides and anhydrides such as 
acrylamide, phenols, cyanides and nitriles, isocyanates, and 
pesticides, herbicides, rodenticides, and fungicides. 
[0066] “Environmental pollutant” includes any chemical 
not found in nature or chemicals that are found in nature but 
arti?cially concentrated to levels exceeding those found in 
nature (at least found in accessible media in nature). So, for 
example, environmental pollutants can include any of the 
non-natural chemicals identi?ed as an occupational or indus 
trial chemical yet found in a non-occupational or industrial 
setting such as a park, school, or playground. Alternatively, 
environmental pollutants may comprise naturally occurring 
chemicals such as lead but at levels exceeding background 
(for example, lead found in the soil along highWays depos 
ited by the exhaust from the burning of leaded gasoline in 
automobiles). Environmental pollutants may be from a point 
source such as a factory smokestack or industrial liquid 
discharge into surface or groundWater, or from a non-point 
source such as the exhaust from cars traveling along a 
highWay, the diesel exhaust (and all that it contains) from 
buses traveling along city streets, or pesticides deposited in 
soil from airborne dust originating in farmlands. As used 
herein, “environmental contaminant” is synonymous With 
“environmental pollutant.” 
[0067] “Living system” includes, but is not limited to, 
cells (including primary cells), cell lines (including cell lines 
of healthy and diseased cells), plants and animals, particu 
larly mammals and particularly human. Suitable cells 
include, but are not limited to, tumor cells of all types 
(particularly melanoma, myeloid leukemia, carcinomas of 
the lung, breast, ovaries, colon, kidney, prostate, brain, 
pancreas and testes), cardiomyocytes, endothelial cells, epi 
thelial cells, lymphocytes (T-cell and B cell), mast cells, 
eosinophils, vascular intimal cells, hepatocytes, leukocytes 
including mononuclear leukocytes, stem cells such as hae 
mopoetic, neural, skin, lung, kidney, liver and myocyte stem 
cells, osteoclasts, chondrocytes and other connective tissue 
cells, keratinocytes, melanocytes, liver cells, kidney cells, 
myocytes, ?broblasts, neurons, glial cells, pancreatic cells, 
intestinal epithelial cells, lymphocytes, erythrocytes, micro 
bial cells and any other cell-type that can be maintained alive 
and functional in vitro. Microbial and plant cells can also be 
used. 

[0068] In one embodiment, the cells may be genetically 
engineered, that is, contain exogeneous nucleic acid. 

[0069] The cell may be collected from a multicellular 
organism and cultured or may be purchased from a com 
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mercial source such as the American Type Culture Collec 
tion and propagated as a cell line using techniques Well 
known in the art. Suitable cell lines include, but are not 
limited to, cell lines made from any of the above-mentioned 
cells, as Well as established cell lines such as Suitable cells 
also include knoWn research cells, including, but not limited 
to, Jurkat T cells, NIH3T3 cells, CHO, Cos, etc. See the 
ATCC cell line catalog, hereby expressly incorporated by 
reference. Suitable mammals include, but are not limited to, 
any member of the class Mammalia including, Without 
limitation, humans and nonhuman primates such as chim 
panZees and other apes and monkey species; farm animals 
such as cattle, sheep, pigs, goats and horses; domestic 
mammals such as dogs and cats; laboratory animals includ 
ing rodents such as mice, rats and guinea pigs, and the like. 
The term does not denote a particular age or sex. Thus, adult 
and neWborn subjects, as Well as fetuses, Whether male or 
female, are included Within the de?nition herein. Living 
systems can either be control systems, Which are free from 
perturbation such as treatment With candidate agents or free 
of disease or risk of disease, or systems under evaluation. 
“Living system” includes individual subjects, including 
human patients. 

[0070] “Excreta” is de?ned herein as any liquid, solid, or 
gaseous material that is released from the body to the outside 
World. Examples include, but are not limited to, stool 
(feces), urine, seminal ?uid, sputum, breast ductal ?uid, 
saliva, cervical secretions, vaginal secretions, skin scrap 
ings, skin ?akes, hair, nasal secretions, pancreatic-biliary 
secretions, lacrimal ?uid (tears), sWeat, ?atus, exhaled res 
piratory gases, or other physical materials released from the 
body. 

[0071] A “biological sample” encompasses any sample 
obtained from a living system, including cells, tissues, or an 
organism. The sample may be solid in nature. The de?nition 
also encompasses liquid samples of biological origin, that 
are accessible from an organism through sampling by mini 
mally invasive or non-invasive approaches (e.g., urine col 
lection, needle aspiration, breast ?uid collection from breast 
ductal lavage, skin scraping, semen collection, vaginal 
secretion collection, nasal secretion collection, sputum col 
lection, stool collection, and other procedures involving 
minimal risk, discomfort or effort). The de?nition also 
includes samples that have been manipulated in any Way 
after their procurement, such as by treatment With reagents, 
solubiliZation, or enrichment for certain components, such 
as proteins, lipids, carbohydrates, or organic metabolites. 
The term “biological sample” also encompasses a clinical 
sample such as biological ?uid or tissue sample. 

[0072] By “body spaces in communication With the exter 
nal environment” is meant any space having contact With 
any media of the external environment. This contact may not 
be direct, but may in fact be indirect With contact by Way of 
a duct or other body cavity ultimately having direct contact 
With any media of the external environment. For example, 
intestinal epithelial cells sloughed off from the gastrointes 
tinal (GI) epithelial membrane are in a body space in 
communication With the external environment When they are 
located Within, or associated With, the lumen of the gas 
trointestinal tract. Similarly, any intestinal epithelial mol 
ecules located Within the lumen of the GI tract are also 
located Within a body space in communication With the 
external environment. Skin cells (keratinocytes) residing on 
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or associated With the surface of the epidermis are also in a 
body space in communication With the external environ 
ment. Furthermore, breast epithelial cells contained Within 
breast ?uid Within a breast duct are in a body space in 
communication With the external environment as are pros 
tate epithelial cells contained Within seminal ?uid found 
Within the ductal system of the male reproductive and sex 
organs. Further examples include, but are not limited to: 
cervical epithelial cells Within the vagina; vaginal epithelial 
cells Within the vagina; colon epithelial cells (colonocytes) 
Within or associated With stool; endometrial cells Within the 
uterus; bladder epithelial cells located Within or associated 
With the lumen of the bladder or are contained Within urine 
collected outside the body; and bronchial epithelial cells 
located Within, or associated With, the lumen of the airWays 
(e.g., bronchi, bronchioli, alveolar sacs). 
[0073] “Biological ?uid” refers to, but is not limited to, 
urine, edema ?uid, saliva, lacrimal ?uid, in?ammatory exu 
dates, synovial ?uid, abscess, empyema or other infected 
?uid, sWeat, pulmonary secretions (sputum), seminal ?uid, 
feces, bile, intestinal secretions, vaginal secretions, or any 
other biological ?uid found in spaces external to the body 
(i.e., luminal or integumentary spaces). 
[0074] “Exact mass” refers to mass calculated by sum 
ming the exact masses of all the isotopes in the formula of 
a molecule (e.g., 32.04847 for CH3NHD). 

[0075] “Nominal mass” refers to the integer mass obtained 
by rounding the exact mass of a molecule. 

[0076] “Mass isotopomer” refers to family of isotopic 
isomers that is grouped on the basis of nominal mass rather 
than isotopic composition. Amass isotopomer may comprise 
molecules of different isotopic compositions, unlike an 
isotopologue (e.g., CH3NHD, 13CH3NH2, CH315NH2 are 
part of the same mass isotopomer but are different isotopo 
logues). In operational terms, a mass isotopomer is a family 
of isotopologues that are not resolved by a mass spectrom 
eter. For quadrupole mass spectrometers, this typically 
means that mass isotopomers are families of isotopologues 
that share a nominal mass. Thus, the isotopologues CH3NH2 
and CH3NHD differ in nominal mass and are distinguished 
as being different mass isotopomers, but the isotopologues 
CHBNHD, CHZDNHZ, 13CH3NH2, and CH315NH2 are all of 
the same nominal mass and hence are the same mass 

isotopomers. Each mass isotopomer is therefore typically 
composed of more than one isotopologue and has more than 
one exact mass. The distinction betWeen isotopologues and 
mass isotopomers is useful in practice because all individual 
isotopologues are not resolved using quadrupole mass spec 
trometers and may not be resolved even using mass spec 
trometers that produce higher mass resolution, so that cal 
culations from mass spectrometric data must be performed 
on the abundances of mass isotopomers rather than isoto 
pologues. The mass isotopomer loWest in mass is repre 
sented as MO; for most organic molecules, this is the species 
containing all 12C, 1H, 16O, 14N, etc. Other mass isoto 
pomers are distinguished by their mass differences from MO 
(M1, M2, etc.). For a given mass isotopomer, the location or 
position of isotopes Within the molecule is not speci?ed and 
may vary (i.e., “positional isotopomers” are not distin 
guished). 
[0077] “Mass isotopomer envelope” refers to the set of 
mass isotopomers comprising the family associated With 
each molecule or ion fragment monitored. 
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[0078] “Mass isotopomer pattern” refers to a histogram of 
the abundances of the mass isotopomers of a molecule. 
Traditionally, the pattern is presented as percent relative 
abundances Where all of the abundances are normaliZed to 
that of the most abundant mass isotopomer; the most abun 
dant isotopomer is said to be 100%. The preferred form for 
applications involving probability analysis, such as mass 
isotopomer distribution analysis (MIDA), hoWever, is pro 
portion or fractional abundance, Where the fraction that each 
species contributes to the total abundance is used. The term 
“isotope pattern” may be used synonomously With the term 
“mass isotopomer pattern.” 

[0079] “Monoisotopic mass” refers to the exact mass of 
the molecular species that contains all 1 H, 12C, 14N, 16O, 
32S, etc. For isotopologues composed of C, H, N, O, P, S, F, 
Cl, Br, and I, the isotopic composition of the isotopologue 
With the loWest mass is unique and unambiguous because 
the most abundant isotopes of these elements are also the 
loWest in mass. The monoisotopic mass is abbreviated as m0 
and the masses of other mass isotopomers are identi?ed by 
their mass differences from m0 (m1, m2, etc.). 

[0080] “Isotopically perturbed” refers to the state of an 
element or molecule that results from the explicit incorpo 
ration of an element or molecule With a distribution of 
isotopes that differs from the distribution that is most com 
monly found in nature, Whether a naturally less abundant 
isotope is present in excess (enriched) or in de?cit 
(depleted). Thus the labels of the present invention are 
isotopically perturbed, as is the DNA into Which the labels 
are incorporated. 

[0081] “Metabolic precursors” or “precursors” refer to 
molecules or atoms that enter into molecular end-products of 
interest through the metabolic processes of the cell or 
organism (i.e., through biosynthetic, degradative, and/or 
intermediary metabolic pathWays). 

[0082] By “molecule of interest” is meant any molecule 
(polymer and/or monomer), including but not limited to, 
amino acids, carbohydrates, fatty acids, peptides, sugars, 
lipids, nucleic acids, polynucleotides, glycosaminoglycans, 
polypeptides, or proteins that are present Within a metabolic 
pathWay Within a cell. In the context of the present inven 
tion, a “molecule of interest” may be a “biomarker” of an 
disease and its ?ux rate, relative to the ?ux rate of an 
unexposed or otherWise healthy subject (i.e., control sub 
ject), may represent clinically non-observant or subtle 
pathophysiological occurrences in a subject of interest that 
may be predictive of future disease or injury in the subject. 
In this manner, comparing the ?ux rates of one or more 
biomarkers of interest in a subject With the ?ux rates of one 
or more biomarkers of interest in a control subject, Will ?nd 
use in diagnosing the subject With, or evaluating or quanti 
fying the subject’s risk in acquiring, an disease of interest. 
Moreover, such information Will ?nd use in establishing a 
prognosis for a subject having an disease of interest, moni 
toring the progression of an disease of interest in a subject, 
or evaluating the therapeutic ef?cacy of a treatment regimen 
in a subject having an disease of interest. 

[0083] “Monomer” refers to a chemical unit that combines 
during the synthesis of a polymer and Which is present tWo 
or more times in the polymer. 

[0084] “Polymer” refers to a molecule synthesiZed from 
and containing tWo or more repeats of a monomer. Polymers 
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may be homopolymers (all monomers identical) or het 
eropolymers (more than one type of monomer). A “biopoly 
mer” is a polymer synthesiZed by or in a living system or 
otherWise associated With a living system. 

[0085] By “DNA” is meant a polymeric form of deoxyri 
bonucleotides (adenine, guanine, thymine, or cytosine) in 
double-stranded or single-stranded form, either relaxed or 
supercoiled. This term refers only to the primary and sec 
ondary structure of the molecule, and does not limit it to any 
particular tertiary forms. Thus, this term includes single- and 
double-stranded DNA found, inter alia, in linear DNA 
molecules (e.g., restriction fragments), viruses, plasmids, 
and chromosomes. The term captures molecules that include 
the four bases adenine, guanine, thymine, or cytosine, as 
Well as molecules that include base analogs Which are 
knoWn in the art. 

[0086] “Isotope labeled substrate” includes any isotope 
labeled precursor molecule that is able to be incorporated 
into DNA (or the deoxyribonucleotide moiety that DNA is 
comprised of) in a living system. Examples of isotope 
labeled substrates include, but are not limited to, 2H20, 
3H20, 2H-glucose, 2H-labeled amino acids, 2H-labeled 
organic molecules, 13C-labeled organic molecules, 14C 
labeled organic molecules, 13CO2, 14CO2, 15N-labeled 
organic molecules and 15NH3. 

[0087] “Deuterated Water” refers to Water incorporating 
one or more 2H isotopes. 

[0088] “Labeled glucose” refers to glucose labeled With 
one or more 2H isotopes. Speci?c examples of labeled 
glucose or 2H-labeled glucose include [6,6-2H2]glucose, 
[1-2H1]glucose, and [1,2,3,4,5,6-2H7] glucose. 
[0089] “Administer[ed]” includes a living system exposed 
to a compound, including candidate agents and labeled 
substrates, Such exposure can be from, but is not limited to, 
topical application, oral ingestion, inhalation, subcutaneous 
injection, intraperitoneal injection, intravenous injection, 
and intraarterial injection, in animals or other higher organ 
isms. Administration to cells, tissue culture or cell lines can 
be adding the compound to the groWth media. 

[0090] By “toxic effect” is meant an adverse response by 
a living system to a chemical entity or knoWn drug agent. A 
toxic effect can be comprised of, for example, end-organ 
toxicity. 

[0091] “At least partially identi?ed” in the context of drug 
discovery and development means at least one clinically 
relevant pharmacological characteristic of a drug agent (i.e., 
a “compound”) has been identi?ed using one or more of the 
methods of the present invention. This characteristic may be 
a desirable one, for example, increasing or decreasing 
molecular ?ux rates through a metabolic pathWay that 
contributes to a disease process, altering signal transduction 
pathWays or cell surface receptors that alter the activity of 
metabolic pathWays relevant to a disease, inhibiting activa 
tion of an enZyme and the like. Alternatively, a pharmaco 
logical characteristic of a drug agent may be an undesirable 
one for example, the production of one or more toxic effects. 
There are a plethora of desirable and undesirable character 
istics of drug agents Well knoWn to those skilled in the art 
and each Will be vieWed in the context of the particular drug 
agent being developed and the targeted disease. Of course, 
a drug agent can be more than at least partially identi?ed 
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When, for example, When several characteristics have been 
identi?ed (desirable or undesirable or both) that are suf? 
cient to support a particular milestone decision point along 
the drug development pathWay. Such milestones include, but 
are not limited to, pre-clinical decisions for in vitro to in vivo 
transition, pre-IND ?ling go/no go decision, phase I to phase 
II transition, phase II to phase III transition, NDA ?ling, and 
FDA approval for marketing. Therefore, “at least partially” 
identi?ed includes the identi?cation of one or more phar 
macological characteristics useful in evaluating a drug agent 
in the drug discovery/drug development process. Apharma 
cologist or physician or other researcher may evaluate all or 
a portion of the identi?ed desirable and undesirable charac 
teristics of a drug agent to establish its therapeutic index. 
This may be accomplished using procedures Well knoWn in 
the art. 

[0092] “Manufacturing a drug agent” in the context of the 
present invention includes any means, Well knoWn to those 
skilled in the art, employed for the making of a drug agent 
product. Manufacturing processes include, but are not lim 
ited to, medicinal chemical synthesis (i.e., synthetic organic 
chemistry), combinatorial chemistry, biotechnology meth 
ods such as hybridoma monoclonal antibody production, 
recombinant DNA technology, and other techniques Well 
knoWn to the skilled artisan. Such a product may be a ?nal 
drug agent that is marketed for therapeutic use, a component 
of a combination product that is marketed for therapeutic 
use, or any intermediate product used in the development of 
the ?nal drug agent product, Whether as part of a combina 
tion product or a single product. “Manufacturing drug 
agent” is synonymous With “manufacturing a compound.” 

[0093] By “action” is meant a speci?c and direct conse 
quence of an intervention such as the administering of a 
drug. 

[0094] By “therapeutic action” is meant an effect on a 
biochemical or molecular process (i.e., the How of mol 
ecules through metabolic pathWays or netWorks) in a manner 
that is bene?cial to the organism. The effect may be respon 
sible for, or contributing in, a causal manner to the initiation, 
progression, severity, pathology, aggressiveness, grade, 
activity, disability, mortality, morbidity, disease sub-classi 
?cation or other underlying pathogenic or pathologic feature 
of one or more diseases Wherein said effect is bene?cial to 
health or otherWise contributes to a desirable outcome (e.g., 
a desirable clinical outcome). 

[0095] By “biomarker” is meant a physical, biochemical, 
or physiologic measurement from or on the organism that 
represents a true or intended mechanistic target of a com 
pound or a mechanistic event believed to be responsible for, 
or contributing in, a causal manner to the initiation, pro 
gression, severity, pathology, aggressiveness, grade, activity, 
disability, mortality, morbidity, disease sub-classi?cation or 
other underlying pathogenic or pathologic feature of one or 
more diseases. In some embodiments, there may be a 
correlational effect instead of a causal one. Abiomarker may 
be the target for monitoring the outcome of a therapeutic 
intervention (i.e., the functional or structural target of a drug 
agent). As de?ned herein “biomarker” refers to biochemical 
processes that are involved in, or are believed to be involved 
in, the etiology or progression of a disease or disorder. The 
biochemical process (i.e., the How of molecules through a 
targeted metabolic pathWay or netWork) is the focus of 
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analysis (as disclosed herein) since it is the underlying 
changes of the biochemical process (i.e., molecular ?ux 
rates) that may be the signi?cant or authentic target for 
treatment or diagnostic monitoring of the disease or disor 
der. 

[0096] By “evaluate” or “evaluation” or “evaluating,” in 
the context of the present invention, is meant a process 
Whereby the activity, toxicity, relative potency, potential 
therapeutic value and/or ef?cacy, signi?cance, or Worth of a 
chemical entity, biological factor, combination of chemical 
entities, or combination of biological factors is determined 
through appraisal and study, usually by means of comparing 
experimental outcomes to established standards and/or con 
ditions. The term embraces the concept of providing suf? 
cient information for a decision-maker to make a “go/no go” 
decision on a chemical entity or biological factor (or com 
binations of chemical entities or combinations of biological 
factors) to proceed further in the drug development process. 
A “go/no go” decision may be made at any point or 
milestone in the drug development process including, but 
not limited to, any stage Within pre-clinical development, the 
pre-clinical to Investigational NeW Drug (IND) stage, the 
Phase I to Phase II stage, the Phase II to more advanced 
phases Within Phase II (such as Phase IIb), the Phase II to 
Phase III stage, the Phase III to the NeW Drug Application 
(NDA) or Biologics License Application (BLA) stage, or 
stages beyond (such as Phase IV or other post-NDA or 
post-BLA stages). The term also embraces the concept of 
providing su?icient information to select “best-in-breed” (or 
“best-of-breed”) in a class of compounds (chemical entities, 
biologics). 
[0097] By “characteriZe,”“characterizing,” or “character 
iZation,” in the context of the present invention is meant an 
effort to describe the character or quality of a chemical entity 
or biological factor or combination of chemical entities or 
combination of biological factors (or mixtures thereof). As 
used herein, the term is nearly equivalent to “evaluate,” yet 
lacks the more re?ned aspects of “evaluate,” in Which to 
“evaluate” a drug includes the ability to make a “go/no go” 
decision (based on an assessment of therapeutic value) on 
proceeding With that drug or chemical entity or biological 
factor through the drug development process. 

[0098] By “condition” or “medical condition” is meant the 
physical status of the body as a Whole or of one of its parts. 
The term is usually used to indicate a change from a 
previous physical or mental status, or an abnormality not 
recogniZed by medical authorities as a disease or disorder. 
Examples of “conditions” or “medical conditions” include, 
but are not limited to, obesity, cancer, proliferative diseases 
and pregnancy. 

[0099] By “therapeutic effect” is meant any effect elicited 
by a compound or combination of compounds or mixtures of 
compounds that provides ameliorative or palliative results, 
or improves, even to the slightest degree, any clinical sign or 
symptom of a disease or condition. 

[0100] 
[0101] A. OvervieW of the Methods of the Invention 

IV. Methods of the Invention 

[0102] The present invention is directed to methods of 
measuring cell proliferation by means of measuring de novo 
DNA synthesis and to methods for assessing ribonucleotide 
reductase activity (i.e., RR inhibition) by comparing the 
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incorporation of purine and pyrimidine deoXynucleosides 
such as deoXyadenosine and deoXythymidine into DNA. 
While the methods below generally center on the use of 
deoXyadenosine and deoXythymidine, other deoXynucleo 
sides can be used. The methods of the present invention 
alloW for the measurement of cell proliferation and RR 
activity simultaneously. Salvage of deoXyadenosine is very 
loW in normal cells—this fact alloWs for the measurement of 
DNA synthesis from the incorporation of de novo deoXy 
adenosine; furthermore, since dAk activity is not affected by 
RR inhibition it can be used as the denominator for calcu 
lating fractional de novo thymidine synthesis. The relative 
inhibition of RR can be inferred from the reduction in de 
novo thymidine incorporation relative to dA into DNA. 

[0103] B. Administering Isotope-Labeled Substrates 

[0104] As a ?rst step in the methods of the invention, 
isotope-labeled substrates are administered. These substrates 
are generally metabolic precursors, e.g. they are taken up 
Within the living system and enZymatically converted; in the 
present invention, the substrates are converted to deoXy 
nucleosides Which are then incorporated into DNA. 

[0105] 1 . Administering an Isotope-Labeled Substrate 
Molecule 

[0106] Modes of administering the one or more isotope 
labeled substrates may vary, depending upon the absorptive 
properties of the isotope-labeled substrate and the speci?c 
biosynthetic pool into Which each compound is targeted. 
Precursors may be administered to organisms, plants and 
animals including humans directly for in vivo analysis. In 
addition, precursors may be administered in vitro to living 
cells. 

[0107] Generally, an appropriate mode of administration is 
one that produces a steady state level of precursor Within the 
biosynthetic pool and/or in a reservoir supplying such a pool 
for at least a transient period of time. Intravascular or oral 
routes of administration are commonly used to administer 
such precursors to organisms, including humans. Other 
routes of administration, such as subcutaneous or intramus 
cular administration, optionally When used in conjunction 
With sloW release substrate compositions, are also appropri 
ate. Compositions for injection are generally prepared in 
sterile pharmaceutical eXcipients. 

[0108] As is discussed herein, administration can be done 
continuously (e.g. up to and/or including the time of sam 
pling) or discontinuously (either as a single dose over time 
or multiple doses). When discontinuous administration is 
done, the time of the individual administrations can either be 
the same or different. 

[0109] 
[0110] (1) Isotope Labels 

a. Labeled Substrates 

[0111] The ?rst step in measuring molecular ?uX rates 
involves administering an isotope-labeled substrate to a 
living system. The isotope labeled substrate may contain a 
stable isotope or a radioisotope. Isotope labels that can be 
used in accordance With the methods of the present inven 
tion include, but are not limited to, 2H, 13C, 15N, 810, 3H, 
14C, 35S, 32P, 33P, 1251, 1311, or other isotopes of elements 
present in organic systems. These isotopes, and others, are 
suitable for all classes of substrates (e.g., precursor mol 
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ecules) envisioned for use in the present invention. Such 
precursor molecules include, but are not limited to, nucleic 
acid precursors, 

[0112] 
[0113] 
[0114] Precursors of nucleic acids (i.e., RNA, DNA) are 
any compounds suitable for incorporation into RNA and/or 
DNA synthetic pathWays. Examples of substrates useful in 
labeling the deoXyribose ring of DNA include, but are not 
limited to, [6,6-2H2] glucose,[U-13C6] glucose and [2-13C1] 
glycerol (see US. Pat. No. 6,461,806, herein incorporated 
by reference in its entirety). Labeling of the deoXyribose is 
superior to labeling of the information-carrying nitrogen 
bases in DNA because it avoids variable dilution sources. 
The stable isotope labels are readily detectable by mass 
spectrometric techniques. 
[0115] In one embodiment, a stable isotope label is used to 
label the deoXyribose ring of DNA from glucose, precursors 
of glucose-6-phosphate or precursors of ribose-S-phosphate. 
In embodiments Where glucose is used as the starting 
material, suitable labels include, but are not limited to, 
deuterium-labeled glucose such as [6,6-2H2] glucose, 
[1-2H1] glucose, [3-2H1] glucose, [2H7] glucose, and the 
like; 13C-l labeled glucose such as [1-13C1] glucose, 
[U-13C6] glucose and the like; and 18O-labeled glucose such 
as [1-1802] glucose and the like. 

In one embodiment, the isotope label is 2H. 

i. Precursors of Nucleic Acids 

[0116] In embodiments Where a glucose-6-phosphate pre 
cursor or a ribose-S-phosphate precursor is desired, a glu 
coneogenic precursor or a metabolite capable of being 
converted to glucose-6-phosphate or ribose-S-phosphate can 
be used. Gluconeogenic precursors include, but are not 
limited to, 13C-labeled glycerol such as [2-13C1] glycerol 
and the like, a 13C-labeled amino acid, deuterated Water 
(ZHZO) and 13C-labeled lactate, alanine, pyruvate, propi 
onate or other non-amino acid precursors for gluconeogen 
esis. Metabolites Which are converted to glucose-6-phos 
phate or ribose-S-phosphate include, but are not limited to, 
labeled (2H or 13C) heXoses such as [1-2H1] galactose, 
[U-13C] fructose and the like; labeled (2H or 13C) pentoses 
such as [1-13C1] ribose, [1-2H1] Xylitol and the like, labeled 
(2H or 13C) pentose phosphate pathWay metabolites such as 
[1-2H1] seduheptalose and the like, and labeled (2H or 13C) 
amino sugars such as [U-13C] glucosamine, [1-2H1] 
N-acetyl-glucosamine and the like. 

[0117] The present invention also encompasses stable iso 
tope labels Which label purine and pyrimidine bases of DNA 
through the de novo nucleotide synthesis pathWay. Various 
building blocks for endogenous purine synthesis can be used 
to label purines and they include, but are not limited to, 
15N-labeled amino acids such as [15 N] glycine, [15 N] 
glutamine, [15N] aspartate and the like, 13C-labeled precur 
sors such as [1-13C1] glycone, [3-13C1] acetate, [13C]HCO3, 
[13C] methionine and the like, and H-labeled precursors 
such as 2H2O. Various building blocks for endogenous 
pyrimidine synthesis can be used to label pyrimidines and 
they include, but are not limited to, 15N-labeled amino acids 
such as [UN] glutamine and the like, 13C-labeled precursors 
such as [13C]HCO3, [U-13C4] aspartate and the like, and 
2H-labeled precursors (ZHZO). 

[0118] It is understood by those skilled in the art that in 
addition to the list above, other stable isotope labels Which 
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are substrates or precursors for any pathways Which result in 
endogenous labeling of DNA are also encompassed Within 
the scope of the invention. The labels suitable for use in the 
present invention are generally commercially available or 
can be synthesized by methods Well knoWn in the art. 

[0119] ii. Water as a Precursor Molecule 

[0120] Water is a precursor of nucleic acids (see FIG. 2 
and US. Provisional Patent Application Nos. 60/484,626 
and 60/581,028, Which are herein incorporated by reference 
in their entirety). As such, labeled Water may serve as a 
precursor in the methods taught herein. 

[0121] H2O availability is probably never limiting for 
biosynthetic reactions in a cell (because H2O represents 
close to 70% of the content of cells, or >35 Molar concen 
tration), but hydrogen and oxygen atoms from H2O contrib 
ute stochiometrically to many reactions involved in biosyn 
thetic pathWays: 

[0122] e.g.,:R—CO—CH2—COOH+NADPH+H2O 
aR—CH2CH2COOH (fatty acid synthesis). 

[0123] As a consequence, isotope labels provided in the 
form of H- or O-isotope-labeled Water is incorporated into 
biological molecules as part of synthetic pathWays. Hydro 
gen incorporation can occur in tWo Ways: into labile posi 
tions in a molecule (i.e., rapidly exchangeable, not requiring 
enZyme catalyZed reactions) or into stable positions (i.e., not 
rapidly exchangeable, requiring enZyme catalysis). Oxygen 
incorporation occurs in stable positions. 

[0124] Some of the hydrogen-incorporating steps from 
cellular Water into C—H bonds in biological molecules only 
occur during Well-de?ned enZyme-catalyZed steps in the 
biosynthetic reaction sequence, and are not labile 
(exchangeable With solvent Water in the tissue) once present 
in the mature end-product molecules. For example, the 
C—H bonds on glucose are not exchangeable in solution. In 
contrast, each of the folloWing C—H positions exchanges 
With body Water during reversal of speci?c enZymatic reac 
tions: C-1 and C-6, in the oxaloacetate/succinate sequence in 
the Krebs’ cycle and in the lactate/pyruvate reaction; C-2, in 
the glucose-6-phosphate/fructose-6-phosphate reaction; C-3 
and C-4, in the glyceraldehyde-3-phosphate/dihydroxyac 
etone-phosphate reaction; C-5, in the 3-phosphoglycerate/ 
glyceraldehyde-3-phosphate and glucose-6-phosphate/fruc 
tose-6-phosphate reactions. 

[0125] Labeled hydrogen or oxygen atoms from Water that 
are covalently incorporated into speci?c non-labile positions 
of a molecule thereby reveals the molecule’s “biosynthetic 
history”—i.e., label incorporation signi?es that the molecule 
Was synthesiZed during the period that isotope-labeled Water 
Was present in cellular Water. 

[0126] The labile hydrogens (non-covalently associated or 
present in exchangeable covalent bonds) in these biological 
molecules do not reveal the molecule’s biosynthetic history. 
Labile hydrogen atoms can be easily removed by incubation 
With unlabelled Water (H2O) (i.e., by reversal of the same 
non-enZymatic exchange reactions through Which 2H or 3H 
Was incorporated in the ?rst place), hoWever: 
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CHOCHODCHOD-P CHOCHOHCHOH-P 

Glyceraldehyde-3—phosphate Glyceraldehyde-3—phosphate 

[0127] As a consequence, potentially contaminating 
hydrogen label that does not re?ect biosynthetic history, but 
is incorporated via non-synthetic exchange reactions, can 
easily be removed in practice by incubation With natural 
abundance H20. 

[0128] Analytic methods are available for measuring 
quantitatively the incorporation of labeled hydrogen atoms 
into biological molecules (e.g., liquid scintillation counting 
for 3H; mass spectrometry or NMR spectroscopy for 2H and 
18O). For further discussions on the theory of isotope 
labeled Water incorporation, see, for example, Jungas R L. 
Biochemistry. 1968 7:3708-17, incorporated herein by ref 
erence. 

[0129] Labeled Water may be readily obtained commer 
cially. For example, H2O may be purchased from Cambridge 
Isotope Labs (Andover, Mass.), and 3H20 may be pur 
chased, e.g., from NeW England Nuclear, Inc. In general, 
2H2O is non-radioactive and thus, presents feWer toxicity 
concerns than radioactive 3H20. 2H20 may be administered, 
for example, as a percent of total body Water, e.g., 1% of 
total body Water consumed (e. g., for 3 liters Water consumed 
per day, 30 microliters 2H2O is consumed). If 3H2O is 
utiliZed, then a non-toxic amount, Which is readily deter 
mined by those of skill in the art, is administered. 

[0130] Relatively high body Water enrichments of 2H20 
(e.g., 1-10% of the total body Water is labeled) may be 
achieved relatively inexpensively using the techniques of the 
invention. This Water enrichment is relatively constant and 
stable as these levels are maintained for Weeks or months in 
humans and in experimental animals Without any evidence 
of toxicity. This ?nding in a large number of human subjects 
(>100 people) is contrary to previous concerns about vesti 
bular toxicities at high doses of 2H2O. The Applicant has 
discovered that as long as rapid changes in body Water 
enrichment are prevented (e.g., by initial administration in 
small, divided doses), high body Water enrichments of 2H20 
can be maintained With no toxicities. For example, the loW 
expense of commercially available 2H2O alloWs long-term 
maintenance of enrichments in the 1-5% range at relatively 
loW expense. 

[0131] Relatively high and relatively constant body Water 
enrichments for administration of H2180 may also be 
accomplished, since the 18O isotope is not toxic, and does 
not present a signi?cant health risk as a result. 

[0132] Isotope-labeled Water may be administered via 
continuous isotope-labeled Water administration, discon 
tinuous isotope-labeled Water administration, or after single 
or multiple administration of isotope-labeled Water admin 
istration. In continuous isotope-labeled Water administra 
tion, isotope-labeled Water is administered to an individual 
for a period of time sufficient to maintain relatively constant 
















